in OM, N, and P on both terraced and steep cultivated hillslopes. Selective removal of finer particles by water 
that received water from higher elevations. Terrain elevation (Bakhsh et al., 2000; Kravchenko et al., 2000;  T opography plays an important role in agricultural Timlin et al., 1998) , slope, curvature (Kravchenko and fields in terms of shaping the spatial variability of Bullock, 2002a; Changere and Lal, 1997; Sinai et al., soils, surface and subsurface hydrology, and crop yields. 1981) , aspect (Kravchenko and Bullock, 2002b; Yang Landscape topography affects soil physical and chemical et al., 1998) , wetness index, sediment transport index, properties by erosion and deposition processes (Delin stream power index, flow direction, and flow length et al., 2000; Norton and Smith, 1930; Ebeid et al., 1995; (Jenson and Domingue, 1988; Moore et al., 1993) have and Agbenin and Tiessen, 1995) . Li and Lindstrom been considered as important topographical and hydro-(2001) reported water erosion as the primary cause for logical attributes in crop production systems. the overall decline in soil quality on a steep cultivated Soil properties vary with topographic settings. One hillslope, while tillage erosion had a similar contribution reason for this is the orientation of the hillslopes on to the overall level of soil quality on a terraced hillslope.
which soils develop; this affects the microclimate, such Soil movement by tillage controlled the spatial patterns as north-vs. south-facing slopes, and hence the soils. Krause et al. (1959) reported the influence of a slope's is the shape of the slope, which influences the redistribuflat summit, shoulder, backslope, and base (footslope and toeslope) positions. Most studies dealing with landtion of soil water content along the slope. This also affects soil properties, because the rate of surface water scape topography have used these qualitative units to explain the catena process rather than to quantify toporunoff influences erosion and soil water content. In a rolling terrain, higher parts of the landscape could expegraphical variables and explain the extent of variability in a mapping unit. Aside from the nonquantitative narience greater evaporation, so higher-located soils would have lower soil water content (Finney et al., 1962) .
ture of these units, it is hard to draw a distinctive unit boundary line, and in most of the studies, the boundary Sampling for soil properties on a narrow grid is both labor intensive and costly. An alternative approach could lines are arbitrary. The hypothesis of this study was that landscape topobe to use the NDVI-based target sampling in conjunction with a digital elevation model (DEM). A DEM is graphical attributes and soil hydrological variables are among the major determinants of crop water availabilconsidered by many (Jenson and Domingue, 1988; Mark, 1984; Moore et al., 1991; Martz and Garbrecht, 1992) ity, especially in nonirrigated systems, and are thus useful for explaining crop yield variability on a field scale. as a source of easily obtained data that is useful information to soil survey maps for enhancement of soil charac-
The objectives of this study were to (i) quantify the relationships between cotton lint yields vs. derived topoterizations of an agricultural landscape. Grid-based hydrological processes are commonly investigated using a graphical landscape attributes in combination with measured soil physical properties, and (ii) quantify the relawatershed algorithm imbedded in a GIS. The automation of terrain-based analysis and the use of a DEM tionships between measured soil physical properties and derived topographical attributes. have made it possible to quantify various topographic and hydrologic variables including slope, aspect, curvature, stream network, flow direction, flow accumulation, MATERIALS AND METHODS flow length, sediment transport index, wetness index, Study Site and stream power index. Previously these variables and indices were derived from maps or field surveys. But, acterized by many using crossvariance, state-space analand 17 Sept. 2002. ysis, co-spectral analysis, and geostatistical techniques
The dominant soil series of the field is Vaiden, which confor pattern analysis and for relating topography to yield sists of very deep, somewhat poorly drained, very slowly permeable soils that formed in clayey sediments overlying chalk (Nielson and Wendroth, 2003; Li et al., 2001 Li et al., , 2002 Trang- or calcareous clays (USDA-SCS, 1983 and Webster, 1980; Matheron, 1963) . These studies the crop rows in some areas and carried suspended materials mainly concentrated on pattern characterization, but and deposited them in lower landscape positions. not pattern to process as emphasized by Moore et al. (1993) . For instance, many soil properties are related Sites Selection for Soil Sampling to the gradient of the slope as well as to the particular position of the soil on a slope. This lateral variability Target Soil Sampling on hillslopes means that each soil along a slope bears A digital image of a soybean crop was obtained in July a distinctive relationship to the soils above and below 2000 from an airborne digital camera system that acquired it, which is a catena process. Several models have been three bands (840, 695, 540 Ϯ 5 nm) with a 2-m spatial resoluproposed (Conacher and Dalrymple, 1977 a 4.7-m grid size. Specifically, the measured data was interpoTwenty-four sites were selected from the classified map, lated by selecting 12 nearest neighbors with a distance power eight sites per NDVI class and positioned on a previously of two. established 0.75-ha grid. Undisturbed soil cores were taken at each site using a Giddings soil hydraulic probe mounted on Deriving Topographic and Hydrologic Attributes the back of a tractor. First, a 1-m long stainless steel probe was used to take a soil profile, which was described using Landscape elevation data were measured with Trimble National Cooperative Soil Survey procedures (Soil Survey AgGPS 214 RTK receiver, which had a relative accuracy of Staff, 1984) . Taxonomic classification of soils was based on 1 cm in x, y directions and 2 cm in z direction. Measurements field descriptions and laboratory analyses of soil physical propwere taken on an irregular grid. Measurements on steep slopes erties. The depths for A p, Bt 1 , and Bt 2 horizons ranged from were intensely measured compared with level surface. Eleva-10 to 26 cm (average 17.3 cm), 30 to 73 cm (average 53.0 cm), tion data was converted to 4.71-m grid-based map. Before and 73 to 100 cm, respectively. Soil samples were then taken deriving hydrologic and topographic attributes from the gridfrom each horizon in each profile and analyzed for soil particle based elevation data, preprocessing was required to fill depresanalysis (Day, 1965) and OM using modified Walkley-Black sions known as sinks in the data. The process of filling increases method (Schnitzer, 1982 Moore et al., 1991 Moore et al., , 1993 . Inverse disHowever, lint yield was only collected from every other four tance weighting with 12 neighbors and with a distance power rows because only one of the two yield monitors used was of two was used for creating maps. All map grid sizes were equipped with a GPS. Because of complex rolling topography obtained on the same cell-size basis as the yield map. ArcView and picker speed variations, yield monitors are prone to errors was used to extract the surface soil physical and chemical in yield and position measurements, especially along steeper properties with corresponding yield, topographical data, and slopes. Cotton lint yield data were also obtained by hand picking from the predefined NDVI category sites (2.0-by hydrological data for statistical analysis. Describes the path of the longest flow path within a drainage basin.
Wetness index
Indicator of soil water variability over a surface. It is derived using the slope of a cell measured in degrees and the contributing catchment area in m Ϫ2 .
Sediment transport index
Characterizes the process of soil erosion and deposition. It presents the effects of topography on soil loss and can vary along the length of a stream.
Stepwise multiple linear regressions (backward and for-
Statistical Analysis
ward) were performed using SAS (SAS Institute, Cary, NC, Descriptive statistics of soil physical properties from the 24 2001) to determine the individual and combined effects of soil sites were calculated for each variable at each horizon (Table  properties , topographical attributes, and hydrological attri-2). Pearson's correlation coefficients (r ) were calculated bebutes on cotton lint yield. A variable was retained in the model tween the lint yield monitor data; measured surface soil propif the probability at P Ͼ 0 was 95%. erties and topographic and hydrologic attributes. Surface soil properties included OM, nitrate N (NO 3 ), sand, clay, b , K s , (Table 2) .
RESULTS AND DISCUSSION
were found along the southwestern part. However, b Mean values for K s were low and generally had a dewas low on steeper slopes (slope vs. b ; r ϭ Ϫ0.50, P Ͻ creasing trend with increase in depth. This could be due 0.01). The K s at the summit (elevation vs. K s; r ϭ 0.27 to the increase in the clay content with depth. The mean ns) was similar to that on steeper slopes (slope vs. K s; percentage v at Ϫ0.033 MPa (field capacity) was higher r ϭ Ϫ0.16, not significant), but this pattern was not at subsurface horizons than at surface horizons. A simiconsistent across the field. Higher percentage sand conlar trend was measured at Ϫ1.5 MPa (wilting point) tent was measured along the western border extending percentage v values. Mean PAWC (% v ) was higher toward the center on the summit and steeper slopes, at surface horizons than subsurface horizons. Soil hywhere the percentage clay content ranged from moderdraulic properties on a field scale have been reported ate to low. A significant negative correlation was obto have high spatial variability (Albrecht et al., 1985;  tained between percentage clay content and elevation Ciollaro and Comegna, 1988; Mallants et al., 1996; Peck (r ϭ Ϫ0.59, P Ͻ 0.001), and there was a nonsignificant et Rhoton et al., 1998) .
relationship with slope (r ϭ 0.35, not significant) and a Jury (1985) summarized coefficients of variation significant relationship with aspect (r ϭ 0.47, P Ͻ 0.05). (CVs) for various soil physical properties, which reached These relationships indicated that percentage clay conwell in excess of 100% for K s (48-320%) , v at Ϫ0.01 tent tends to be low on summit positions and high on MPa, v at Ϫ1.5 MPa (4-45%), and percentage sand steeper slopes and the toeslope, which is a strong indicaand clay (3-55% ing increase in silt content of 0.04% m Ϫ1 downslope topographic (slope, curvature, and aspect) and hydrologic attributes (wetness index, flow direction, flow on steep cultivated hillslope. Pierson and Mulla (1990) found the highest clay content at the summit and the length, flow accumulation, and sediment transport index) and these variables could be used in site-specific lowest in footslope positions. They argued that the soil erosion removes the topsoil and OM from the ridge farming on a rolling topography to calculate the soil tops, thus exposing the subsoil horizons, which were physical properties, especially soil water content in a higher in clay content and lower in aggregate stability. dryland farming condition. Mapa and Pathmarajah (1995) Various stacked maps, including contours of elevaVolumetric water content at Ϫ0.03 MPa, Ϫ0.067 MPa, tion, lint yield monitor for 2001 and 2002, stream netand Ϫ1.5 MPa and PAWC were greater at landscape works, and bare soil imagery, were draped over a threepositions where the percentage clay content was high; dimensional elevation map (Fig. 3) . In 2001 and 2002, an indication of the greater water holding capacity of the field had an average cotton lint yield of 510 and clay-sized particles. The observed correlation between 1014 kg ha Ϫ1 , with SD of 202 and 213 kg ha Ϫ1 , respecderived terrain attributes and measured soil variables tively. The average total monthly precipitation during supports the development of the soil catena; that is, it both growing seasons was similar, but in 2002, during develops in response to the way water flows through and first bloom, the crop received 53 mm more precipitation. across the landscape (Mapa and Pathmarajah, 1995) .
This emphasizes the effects of the distribution of precipiWhen the best combination of terrain variables for tation rather than the total amount of precipitation durexplaining variations in soil properties of the Ap horizon ing the growing season in dryland cotton production, was explored, the resulting multiple regression equaespecially during the critical phenological growth stage tions explained 10 to 62% of the variability in measured like first bloom. Increased precipitation during the growsoil attributes (Table 3) . Slope, flow length, flow direcing season and the associated changes in soil water availtion, and aspect explained 45 to 56% of the variation ability would induce and shape the spatial growth strucin soil water retention at different pressures. Usually tures of plant communities especially if a field is variable soil scientists do not incorporate information about local in terms of topography and soils. processes in attempting to develop soil pedotransfer However, in 2002, cotton lint yield was significantly functions. The listed regression equations could be used (P Ͻ 0.05) positively correlated (r ϭ 0.49-0.51, P Ͻ to calculate surface-horizon soil physical properties. Krav-0.01) with percentage v at Ϫ0.001, Ϫ0.01, Ϫ0.033, chenko et al. (2000) showed that topography explained Ϫ0.067, Ϫ0.1, Ϫ0.5, and Ϫ1.5 MPa; nonsignificantly about 30% of the observed variability in OM, P, and K (P Ͼ 0.05) correlated (r ϭ 0.33) at saturation; and significontent of the soils. However, soil properties are highly variable in an agricultural environment due to interaccantly correlated (r ϭ Ϫ0.76, P Ͻ 0.001) to percentage sand. In 2001, cotton lint yield was nonsignificantly (P Ͼ tions between environmental and man-induced factors.
In summary, a high-resolution elevation data for an 0.05) positively correlated (r ϭ 0.05-0.29) with percentage v at Ϫ0.001, Ϫ0.01, Ϫ0.033, Ϫ0.067, Ϫ0.1, Ϫ0.5, agriculture landscape could be used in a GIS to derive and Ϫ1.5 MPa, and significantly correlated (r ϭ 0.50, different rates of water consumption by plants located uphill or downhill. P Ͻ 0.01) at saturation and percentage sand (r ϭ Ϫ0.58, P Ͻ 0.01). Areas in the field with medium to low yield Figures 4 and 5 show the derived topographic and hydrologic attribute maps including elevation, slope, ashad higher percentage sand content, retained less percentage v , and had higher b as compared with high lint pect, curvature, sedimentation transport index, wetness index, flow accumulation, flow length, and flow direcyield areas.
In 2002, high yielding areas had slopes Ͻ 2%. About tion. These attributes have the potential for not only predicting the catena processes, but also delineating the 80% of the landscape elevation ranged from 4 to 9 m. Higher lint yields were recorded at lower landscape spatial distribution of lint yield in a complex rolling topographic landscape. For instance, aspect plays a sigpositions (r ϭ Ϫ0.52, P Ͻ 0.01), areas that should receive runoff and throughflow from the higher landscape posinificant role when the soil water content is limiting (Krause et al., 1959) . Slopes or landscape positions that tions. Throughflow may occur in the Vaiden soils because, as percentage clay increased with depth, the soil face directly toward solar irradiance for longer periods during the day may experience soil water stress earlier K s tended to decrease from 2.7 to 1.7 cm d Ϫ1 ( Table 1) . As a result, water may accumulate above the Bt 1 horizon in the season as compared with positions facing away. On the basis of the analysis of field aspect data, landduring periods of high infiltration and flow laterally downslope. Results in this study are consistent with scape orientation was mostly in the order of 30% SW facing, 29% W facing, and 21% NW facing. those reported by Kravchenko et al. (2000) . The relationship between cotton lint yield and landscape elevaIn agricultural fields with complex rolling topography, the pattern of water movement across the landscape tion was low (r ϭ Ϫ0.23, not significant) in 2002. However, McConkey et al. (1997) argued that yield and is more complicated in the presence of crop rows. To minimize the erosive power of water, crop rows were topography relationships could be masked by previous weather conditions, due to accumulation of water and laid out approximately across the contour lines, running southwest to northeast. Field observations showed that stress, areas with concave shapes may provide more soil water due to its accumulation in depressions, as runoff water carried sediments along the crop rows due to the convex shape of contours, filling the furrows with compared with areas with convex shapes. The landscape curvature effect on lint yield was more evident in 2002 sediment as it moved between rows and converging in the case of a concave contour, allowing runoff downthan 2001 with higher correlation that was enhanced due to more rain. slope normal to contours. In the above scenario, depending on the intensity and duration of precipitation, Wetness index, which characterizes zones of surface saturation and soil water content in the landscape, was prolonged runoff has created some deep channels normal to the crop rows.
positively correlated with lint yield in both years. The sediment transport index, which is equivalent to the The majority of flow directions in the field were in the order of 23, 23, 20, and 18% flowing in the direction length-slope factor in the universal soil loss equation (Moore and Burch, 1986) , characterizes erosion and of S ϭ SW Ͼ NW Ͼ W, respectively. The field-based pixel analysis of the flow direction data indicated that depositions processes, particularly the effects of topography on soil loss, and was negatively correlated with ≈41% of the water flows along the tillage direction. Souchere et al. (1998) studied the effects of tillage on lint yield.
Stepwise linear regression was performed between runoff directions and reported runoff flows Ͼ 50% of the surface along the directions imposed by tillage. In lint yield and soil variables, landscape topographic and hydrologic attributes, and their overall combined effects a similar study, Takken et al. (2001) predicted the runoff flow directions on tilled fields and reported runoff ( Table 4 ). The best combination of soil physical properties, including percentage v at saturation and at Ϫ0.001 flows Ͼ 75% of the mapped areas on hillslopes along the directions of tillage. The aspect and flow direction MPa and percentage sand content, explained 65% of variation in lint yield during 2001. While in 2002, perattributes explain why most of the high-yielding areas in the field were located along the southwestern and centage sand content was the only variable that improved the regression at the 0.05 level and explained northwestern borders, as well as in the fluvial areas of the drainage basin in the middle of the field where water 58% of the variability in yield (Table 4 ). The landscape topographic and hydrologic attributes explained 40% flows downslope converges. Indeed, in both years lint yield was positively correlated with flow accumulation (P ϭ 0.038) of lint yield variability in 2001, while in 2002 only flow direction explained 21% (P ϭ 0.073) of (r ϭ 0.22, not significant; and 0.26, not significant) and flow direction (r ϭ 0.30, not significant; and r ϭ 0.44, lint yield variability (Table 4) . When lint yield vs. soil variables, and topographic P Ͻ 0.05). Aspect was significantly correlated with PAWC (r ϭ 0.44, P Ͻ 0.05), and percentage v at Ϫ0.01
and hydrologic attributes were subjected to stepwise linear regression, percentage sand content, elevation, MPa (r ϭ 0.43, P Ͻ 0.05), indicating the relationship of landscape orientation on the availability of soil water and aspect explained 82% (P ϭ 0.014) of the variation in lint yield in 2001, while percentage sand content, to the crop.
Monthly weather conditions had considerable effects elevation, and sediment transport index explained 72% (P ϭ 0.05) of variability in yield in 2002 (Table 4) . In on the topography-yield relationship. The negative correlation observed between curvature and lint yield was summary, topographical attributes in combination with soil variables played an imperative role in explaining likely due to extremely low total precipitation during the months of April, May, and July 2001 (on average, cotton lint yield variability on field scale. However, the importance of these variables varies at the same location Ͻ50 mm per month). Hence, during periods of water knowledge of soil properties and landscape features to-
